ABSTRACT: Aedes albopictus (Skuse) is an invasive mosquito species found across the southern U.S. with range expansion into many northern states. Intra-and interspecific larval competition have been evaluated for Ae. albopictus with respect to subsequent adult size, immature and adult survivability, and its capacity to vector pathogens as an adult. However, limited data are available on egg production as related to larval rearing conditions. Because Ae. albopictus is a container-inhabiting mosquito that oviposits in resource-limited habitats, it is found under variable density-dependent conditions. Therefore, we examined the impact of specific rearing conditions on Ae. albopictus clutch size and adult body size; comparing the egg production values and wing lengths from known developmental densities to those from field-collected populations. Field populations varied significantly among collection sites in mean clutch size (23 to 46). These clutch sizes were comparable to the mean clutch sizes of females reared at the larval densities of nine (20 eggs) and three (53 eggs) larvae per 3 ml of water in the laboratory. Field populations experienced density-dependent effects impacting adult mosquito size. Mosquitoes from the four sample sites had mean wing lengths of 1.99, 2.47, 2.51, and 2.54 mm, which were less than the mean wing length of mosquitoes reared at larval densities of three larvae per 3 ml of water (2.57 mm). Journal of Vector Ecology 41 (1): 11-17. 2016.
INTRODUCTION
The intrinsic rate of natural increase is an important parameter in management models for insect pest populations and is determined in part by measuring the egg production of a population (Southwood 1978) . Many factors influence an insect's ability to produce eggs, including the organism's genetics, biotic factors, and abiotic factors (Mayr 1961) . Of these factors, adult size, gonotrophic age, blood meal size, and blood meal source influence mosquito fecundity (Gubler 1970 , Chan 1971 , Mori 1979 , Grimstad and Haramis 1984 , Hawley 1985 , Briegel 1990 , Lounibos et al. 1990 , Blackmore and Lord 2000 .
Under optimal laboratory conditions, Aedes albopictus (Skuse), the Asian tiger mosquito, averages 42 to 88 eggs per blood meal for the first gonotrophic cycle and has an average lifetime fecundity of 300-345 eggs (Hawley 1988) . Laboratory studies have found that limiting larval food will reduce adult size (Mori 1979) , a trait that itself is correlated with lowered egg production (Blackmore and Lord 2000) . Populations of Ae. albopictus that develop in natural conditions are influenced by the availability of larval resources, as well as intra-and interspecific competition and environmental conditions that may affect fecundity. Despite the potential influence of numerous variables on wild Ae. albopictus egg production, Hawley's (1988) review of the Asian tiger mosquito's biology notes that studies have failed to directly examine the number of eggs laid in wild populations.
A batch of eggs is the full complement of eggs matured by a female mosquito during an ovarian cycle and a clutch of eggs is the number of eggs oviposited at a single site (Clements 1999) . Skip oviposition has been defined as the behavior in which a mosquito distributes a batch of eggs in several clutches over multiple oviposition sites (Mogi and Mokry 1980) . Aedes albopictus has been found to perform skip oviposition in the laboratory (Trexler et al. 1998 , Davis et al. 2015 and indirect evidence has been demonstrated under field conditions (Davis et al. 2015) . Researchers conducting surveillance for the eggs of wild populations of Ae. albopictus using ovitraps exposed for 24-h periods have found that 50% of the traps contained fewer than 25 eggs and 22% had fewer than ten eggs (Rozeboom et al. 1973) . Because the observed number of Ae. albopictus eggs from these containers was less than the average batch size of laboratoryreared Ae. albopictus, this species has been cited as conducting skip oviposition (Hawley 1988) . However, a measure of the clutch size laid by individual mosquitoes from wild populations has not been completed. Such a study would allow for a proper comparison between field egg production capability and the surveillance data that associates skip oviposition with the number of eggs collected.
Assessment of oviposition capability is largely lacking for wild Ae. albopictus. To date, estimates of clutch size have been restricted to counts of eggs in natural or artificially placed containers. However, skip oviposition in Ae. albopictus has been demonstrated recently by Fonseca et al. (2015) and Davis et al. (2015) illustrating that this mosquito disperses its egg batch across multiple containers. Thus, simple egg counts in containers may not accurately represent the reproductive capability of wild Ae. albopictus. Furthormore, the relationship between laboratory colonies reared at differing larval densities, representing density-dependent environments, and field specimens is lacking. Therefore, we measured the clutch size of blood-engorged wild Ae. albopictus and determined the number of eggs laid in a given gonotrophic cycle. The numbers of eggs deposited by these wild-captured mosquitoes and Ae. albopictus adults reared at specific larval densities were compared to the size of the parental mosquito using wing length.
MATERIALS AND METHODS

Mosquito field site collections and testing
Mosquitoes were collected weekly from the third week in July until the end of September in 2011 and 2012. Collections took place at four suburban locations in Gainesville, FL. An aspirator, which employs a large fan to funnel insects into a mesh catch bag, was used to collect mosquitoes. The aspirator was built at the United States Department of Agriculture Center for Medical Agricultural and Veterinary Entomology (USDA-CMAVE) as described in Ponlawat and Harrington (2005) . Each sampling event consisted of three aspiration periods per site. An aspiration period involved aspirating foliage for 5 min. Only foliage in well-shaded areas was sampled. The collected mosquitoes were examined on a chill table to determine species and engorgement status. Aedes albopictus with an enlarged red abdomen were considered blood-engorged.
The wild-caught, blood-engorged Ae. albopictus were placed individually in screened cages, 30 cm on a side. An ovisite was placed within each cage that consisted of a 473 ml black cup lined with seed germination paper and containing 200 ml of oak leaf infusion water. The oak leaf infusion was produced by adding 150 g of fallen live oak (Quercus virginiana Miller) leaves to 15 liters of well water in a container that was sealed, placed outside, and allowed to ferment for seven days, as modified from Allan and Kline (1995) . An individual flowering stem from a butterfly bush (Buddleja davidii Franchett cultivar 'Guinevere') was placed inside each cage as a carbohydrate food source. The flowering stems consisted of a flower spike with three to five leaves that was trimmed to weigh 2-3 g. The cutting was placed in a floral water tube pick. Cages were held outdoors in a covered screened enclosure at the USDA-CMAVE in order to replicate local climatic conditions.
Females were allowed to oviposit for 15 days, after which they were frozen and subsequently examined for retained eggs and wing length measurement. All females were examined for retained eggs by dissection and fully developed eggs were assessed and recorded according to Christophers (1911) and Clements (1963) . Those females that did not deposit any eggs were dissected and examined for egg development and the numbers of fully developed eggs recorded. Oviposited eggs were enumerated by removing the seed germination paper from the ovisite and counting the number of eggs under a stereomicroscope. In addition, the ovisite infusion water was removed and examined for eggs that had been laid on the water surface. Wing lengths were recorded according to Lounibos et al. (1990) by measuring from the base of the costa to the wing margin, exclusive of the fringe. Measurements were completed by using a Keyence VHX-600E digital microscope (Keyence Corporation, Osaka, Japan).
Laboratory colony rearing and testing
The laboratory colony of Ae. albopictus, described in Davis et al. (2015) , served as a standard with which to compare the clutch sizes recorded from field-collected Ae. albopictus. Briefly, approximately 1,000 Aedes albopictus larvae were collected from four locations in Alachua County, FL, near human habitations. Following adult eclosion, Aedes albopictus adults (F0) were separated from other species of adult mosquitoes and used to establish the colony. Adults were held in screened cages and maintained at 25 ± 1° C, 75 ± 5% RH, and a 12:12 (L:D) photoperiod. Adults were provided a 5% sucrose solution that was wicked through rolled white blotting paper. Female mosquitoes were offered blood meals twice weekly, starting one week post-eclosion in the form of citrated bovine blood placed inside a sausage casing, and warmed to 37° C.
Eggs were hatched from the same generation within a replication (F5 -F14). Larvae were reared at five densities: one larva per 3 ml, three larvae per 3 ml, five larvae per 3 ml, seven larvae per 3 ml, and nine larvae per 3 ml. Each density was provided 0.5 g of ground TetraFin™ (Tetra, Blacksburg, VA, U.S.A.) fish food per 1,000 ml initially and thereafter, every 48 h. Upon pupation, the mosquitoes were transferred to individual 46 x 46 x 46 cm screened cages based on rearing density and provided 5% sugar solution as a carbohydrate source. Cages were held under rearing conditons described previously. After ten days, the mosquitoes were provided a bovine blood-filled sausage and allowed to feed. Females that had a red swollen abdomen were transferred and placed individually into 30 cm 3 cages. Cages were prepared in the same manner as described for the wild-caught females. Females were allowed 15 days to oviposit and were examined in the same manner as the wild-caught females.
Statistical analysis
A one-way analysis of variance (ANOVA) was conducted individually by mosquito source (wild-caught and laboratoryreared) to test the following hypotheses: 1) the mean clutch size was equal or alternatively not equal and 2) the mean wing length was equal or not equal. For analysis of wild-caught mosquitoes, the four collection sites were considered fixed effects. For laboratoryreared mosquitoes, fixed effect variable was larval rearing density. In both analyses the dependent variables consisted of mean clutch size and wing length. Tukey-Kramer Honestly Significant Difference (HSD) tests were completed to compare site effects and density effects for the respective source. Means were considered significantly different if the p-values were below 0.05 for each pairwise comparison.
Linear regression analysis was utilized to examine the relationship between the rearing density and wing length, rearing density and clutch size, wing length and clutch size of laboratoryreared females, and wing length and clutch size of wild-caught females. The regression functions of clutch size and wing length of the wild-caught and laboratory colony were compared by analyses of covariance (ANCOVA) according to Nasci (1990) . All statistical procedures were performed using the JMP ® Version 8 software (SAS Institute 2009).
RESULTS
The total number of mosquitoes collected by aspiration was 9,988 ( For wild-caught Ae. albopictus mean clutch size (F 3,86 = 10.36, P < 0.01) and wing length (F 3,86 = 34.02, P < 0.01) were significantly different among collection sites (Table 2) . Mean retained eggs in all mosquito groups never exceeded one egg and thus were not evaluated further. Female Ae. albopictus from Site 2 had the smallest mean clutch size of 23 eggs and the smallest average wing length of 1.99 mm. Clutch sizes were similar for females originating from remaining sites with means ranging from 38 to 46 eggs. Additionally, the wing lengths for Ae. albopictus collected from the remaining sites were similar and ranged from mean lengths of 2.47 to 2.54 mm.
The Ae. albopictus reared in the laboratory at varying larval densities were found to differ significantly in mean clutch size (F 4,95 = 80.59, P < 0.01) and wing length (F 4,95 = 44.30, P < 0.01) ( Table 2) . In these comparisons, each variable differed from one another with the exception of the two high-density treatments that had the smallest values. The female mosquitoes reared at the lowest density of one larva per 3 ml of water had the largest clutch size and the longest wings with means of 83 eggs, and 2.75 mm, respectively. The females reared at both seven and nine larvae per 3 ml of water had the smallest mean clutch sizes with 25 and 20 eggs laid, respectively. The Ae. albopictus reared at the two highest densities also had the shortest wing lengths of 2.23 mm and 2.04 mm. A negative correlation between rearing density and clutch size (F 1,98 = 266.69, P<0.01) and wing length (F 1,98 = 179.28, P<0.01) was observed (Figure 1 ).
An association was observed between wing length and the number of eggs developed by Ae. albopictus laboratory and field populations (Figure 2 ). Both laboratory-reared mosquitoes (F 1,98 = 167.78, P < 0.01) and wild-caught mosquitoes (F 1,88 = 30.18, P < 0.01) were found to have a positive correlation between wing length and clutch size (Figure 2) . However, the regression coefficients were significantly different (F 1,101 = 14.12, P < 0.01) between these two populations. The relationship of wing size and clutch size in the laboratory population (slope = 68.50) expressed a steeper slope than was observed in the wild-caught females (slope = 29.40).
DISCUSSION
The clutch size and wing length of wild-caught Ae. albopictus were found to vary among collection sites. A possible explanation for the size difference is that interspecific competition affected Ae. albopictus larval production in the tank bromeliads that were The mean clutch sizes were compared separately by source using Tukey-Kramer HSD multiple means comparisons. Means followed by the same letter are not significantly different (α = 0.05) for the reared mosquitoes and the field-collected mosquitoes.
2
The mean wing lengths were compared separately by source using Tukey-Kramer HSD multiple means comparisons. Means followed by the same letter are not significantly different (α = 0.05) for the reared mosquitoes and the field-collected mosquitoes. abundant at Site 2. While a formal survey of larval habitats was not accomplished at the field sites, Site 2 was observed to have many more bromeliads than the other sites. The production of Ae. albopictus from bromeliad phytotelmata has been found to be regulated by Wyeomyia mosquitoes (O'Meara et al. 1995 , Lounibos et al. 2003 . Site 2 was the only site to have Wyeomyia mitchellii (Theobald) present in aspiration collections, providing further support for interspecific competition-induced effects on reproductive capacity. Microorganisms associated with the decay of leaf litter in tank bromeliads provide a food source for developing mosquito larvae (Frank and Lounibos 1983 ) and the growth of Ae. albopictus 1 st instars is negatively affected by competition with Wyeomyia spp. 4 th instars for this larval food (Lounibos et al. 2003) . Such species interaction may account for the reduced egg production and wing sizes of Site 2 Ae. albopictus. However, other factors may have influenced Asian tiger mosquito developmental success at this site.
Egg collection surveys of Ae. albopictus field populations have reported small numbers of eggs per ovisite (Rozeboom et al. 1973) . In this study, Site 2 had the lowest average clutch size of 23 eggs and is used as a comparison to previous field studies. Rozeboom et al. (1973) found 22% of the ovitraps contained fewer than ten eggs. In our study, only 10% of the 20 wild-caught females from Site 2 developed fewer than ten eggs. Therefore, the use of field egg collection measures in comparison to laboratory egg production that documents low field egg deposition, but high laboratory production, provides strong evidence of skip oviposition and is a valid approach. However, the evidence provided by our study indicates that variations do exist in field population egg production and these fluctuations should be considered when assessing egg production.
Density-dependent effects have been found to impact container-inhabiting mosquito populations (Service 1985 , Washburn 1995 , and our results found a negative correlation between Ae. albopictus larval rearing density and egg clutch size in laboratory studies ( Figure 1a ). As such, density-dependent effects in the larval stage provide a likely explanation for the variations in field population fecundities we observed. Mosquitoes from the four residential sites had mean clutch sizes of 23, 38, 43, and 46 eggs; which were within the clutch size range of mosquitoes reared at larval densities of nine larvae/3 ml of water (20 eggs) and three larvae/3 ml of water (53 eggs). At no sites did Ae. albopictus females have mean clutch sizes that were within the mean clutch size range of the mosquitoes reared at the two least crowded larval densities: three larvae/3 ml of water (53 eggs) and one larvae/3 ml of water (83 eggs). These results indicate that Ae. albopictus from the field sites are encountering density-dependent conditions similar to what was generated during our rearing conditions of three larvae/3 ml of water or higher. Therefore, our indirect and comparative measures suggest that density-dependent effects in the larval stage may have limited the egg production of field populations at the sites we sampled. In a similar study, Aedes cantans (Meigen) that developed in ponds with high conspecific densities had smaller egg clutches than those mosquitoes that developed in ponds of low larval densities (Renshaw et al. 1994) . Likewise, wild populations of Wyeomia smithii Coquillett were found to have a negative correlation of larval density and fecundity (Lounibos et al. 1982 ).
Another effect of density dependence on container-inhabiting mosquitoes is a reduction in body size (Livdahl 1982 , Carpenter 1983 , Broadie and Bradshaw 1991 , Bradshaw and Holzapfel 1992 . Body size in mosquitoes often is measured as wing length (Christophers 1960 , Nasci 1990 ). Our findings from laboratoryreared mosquitoes found a negative correlation of rearing density and wing length (Figure 1b) . In a related study, Nasci (1990) reported that field-collected Ae. albopictus were significantly smaller than mosquitoes reared under the uncrowded conditions of 0.75 larvae/3 ml of water with sufficient larval food. To further demonstrate that field populations experience density-dependent effects, the laboratory findings can be applied to the results obtained from the wild-caught mosquitoes. Mosquitoes from the four sites had mean wing lengths of 1.99, 2.47, 2.51, and 2.54 mm, which were less than the mean wing length of mosquitoes reared at larval densities of three larvae/3 ml of water (2.57 mm). These results provide additional evidence that the mosquitoes collected from the field sites were experiencing density-dependent effects similar to the laboratory-reared larvae reared at 3 larvae/ml of water or higher larval density.
The congruence of the wing-length and egg production data documents an important correlation between the wild and colony populations. Mori (1979) found that when Ae. albopictus were reared at high larval densities, the subsequent adults had reduced size and fecundity when compared to those larvae reared at lower densities with the same level of food. Similarly, Blackmore and Lord (2000) found a positive and significant correlation in wing-length and reproductive capacity in Ae. albopictus reared at a range of larval densities. However, in our studies the colony population demonstrated a greater increase in egg production as wing length increased with a slope of 68.5 as compared to the correlation in field population egg production to wing-length measurments that had a slope of 29.4. Therefore, the wild Ae. albopictus sampled in this study may have experienced additional factors beyond larval population density that affected the association of size and fecundity. Larval food sources have been found to affect mosquito size and reproduction for other container-inhabiting species Holzapfel 1983, Yee and Juliano 2006) . Aedes triseriatus (Say) larvae that were reared with animal detritus (dead adult fruit flies and crickets) developed into larger adults than those larvae that developed with plant detritus (sugar maple and white oak leaves) (Yee and Juliano 2006) . However, the authors were unable to determine the mechanism associated with benefits of animal detiritus and hypothesized that larger adults were either an indirect result of greater larval food production through increased microorganism growth or a direct result of animal detritus ingestion. Aedes albopictus larvae were reported to have preferentially fed in areas of a container that had animal detritus when compared to locations that included plant detritus (Kesavaraju et al. 2007 ). The Ae. albopictus developing in the sampled field sites may have experienced larval habitats that primarily contained plant-based detritus. Our laboratory-reared larvae were fed ground TetraFin™ fish food that has a minimum crude protein level of 42% and contains fishmeal, a form of animal detritus, as the primary ingredient. If the laboratory-reared Ae. albopictus directly consumed the animal detritus, then they may have had improved nutritional quality that led to a greater increase in egg production as wing length increased, compared to the field-collected mosquitoes. In addition, parasitism by the gregarine Ascogregarina taiwanensis (Lien and Levine), in combination with reduced nutrition, also reduced Ae. albopictus wing length and egg production (Comiskey et al. 1999) . Aedes albopictus parasitism by A. taiwanensis does occur in north-central Florida, however, the parasitism rate fluctuates throughout the summer season (Garcia et al. 1994.) . Further research into the density dependence effects of Ae. albopictus population dynamics should focus on the interactions of crowding, nutrition, and parasitism in field populations.
